In the post-antibiotic era, available treatment options for severe bacterial infections caused by methicillin-resistant Staphylococcus aureus (MRSA) have become limited. Therefore, new and innovative approaches are needed to combat such life-threatening infections. Virulence factor expression in S. aureus is regulated in a cell density-dependent manner using "quorum sensing", which involves generation and secretion of autoinducing peptides (AIPs) into the surrounding environment to activate a bacterial sensor kinase at a particular threshold concentration. Mouse monoclonal antibody AP4-24H11 was previously shown to blunt quorum sensingmediated changes in gene expression in vitro and protect mice from a lethal dose of S. aureus by sequestering the AIP signal. We have elucidated the crystal structure of the AP4-24H11 Fab in complex with AIP-4 at 2.5 Å resolution to determine its mechanism of ligand recognition. A key glutamate H95 provides much of the binding specificity through formation of hydrogen bonds with each of the four amide nitrogens in the AIP-4 macrocyclic ring.
In the post-antibiotic era, available treatment options for severe bacterial infections caused by methicillin-resistant Staphylococcus aureus (MRSA) have become limited. Therefore, new and innovative approaches are needed to combat such life-threatening infections. Virulence factor expression in S. aureus is regulated in a cell density-dependent manner using "quorum sensing", which involves generation and secretion of autoinducing peptides (AIPs) into the surrounding environment to activate a bacterial sensor kinase at a particular threshold concentration. Mouse monoclonal antibody AP4-24H11 was previously shown to blunt quorum sensingmediated changes in gene expression in vitro and protect mice from a lethal dose of S. aureus by sequestering the AIP signal. We have elucidated the crystal structure of the AP4-24H11 Fab in complex with AIP-4 at 2.5 Å resolution to determine its mechanism of ligand recognition. A key glutamate H95 provides much of the binding specificity through formation of hydrogen bonds with each of the four amide nitrogens in the AIP-4 macrocyclic ring. Importantly, these structural data give clues as to the interactions between the cognate staphylococcal AIP receptors AgrC and the AIPs, as AP4-24H11−AIP-4 binding recapitulates features that have been proposed for AgrC−AIP recognition. Additionally, these structural insights may enable the engineering of AIP-crossreactive antibodies or quorum quenching vaccines for use in active or passive immunotherapy for prevention or treatment of S. aureus infections.
Prokaryotic and eukaryotic single-cell organisms use cell-to-cell communication to coordinate their gene expression as they adapt to changing environmental conditions and compete with multicellular organisms. This chemical exchange of information among microorganisms has been termed "quorum sensing" (QS) (1, 2) . With the emergence of highly antibiotic-resistant bacterial strains, including methicillin-resistant Staphylococcus aureus (MRSA), new approaches for combating microbial infections are desperately needed (3) (4) (5) .
While most antibiotics target essential metabolic pathways, inhibition of virulence-associated processes, such as QS signaling, attenuates the bacteria without exerting as much selective pressure, thereby decreasing development of resistance. Thus, this approach represents a new and innovative concept for antimicrobial drug discovery and might hold promise for the design of the elusive S. aureus vaccine (6) (7) (8) (9) .
The accessory gene regulator (agr) QS system in S .aureus contributes to pathogenesis by orchestrating the temporal cell density-dependent expression of virulence genes. During exponential growth, the bacterial cell surface and adhesion molecules are expressed while, upon entering stationary phase, the expression pattern changes and results in the downregulation of surface proteins and activation of genes encoding exoproteins and toxins (10) (11) (12) . The agr locus is composed of two transcriptional units: the agr (or P2) operon under control of the P2 promoter and RNAIII, the de facto effector of agr QS, regulated by the P3 promoter ( Figure 1a) (13, 14) . The P2 operon consists of four genes, agrBDCA, that encode the proteins responsible for the synthesis of, and response to, the QS peptides. The agrD gene encodes a 46 amino-acid AIP precursor peptide that is processed and cyclized by SpsB and AgrB (15) via formation of a thiolactone bond between a cysteine and the carboxyl group of the C-terminal residue. The resulting AIP is then secreted into the extracellular environment (16) . The cognate receptor for the AIPs is the transmembrane sensor kinase AgrC. The Nterminal receptor domain of AgrC is predicted to consist of six membrane-spanning helices with three extracellular loops that constitute the AIP binding site (17) (18) (19) . Upon AIP binding, the Cterminal cytoplasmic kinase domain relays the signal to AgrA and phosphorylated AgrA binds to the P2 and P3 promoters to activate AIPcontrolled gene expression (20) . Interestingly, S. aureus strains can be divided into four distinct agr subgroups, generally referred to as groups I, II, III, and IV. In each agr group, the AgrC receptor recognizes a specific AIP structure (i.e. AIP-I through AIP-IV, see Fig. 1b ) that promotes RNAIII transcription.
Through so-called "bacterial interference", the AIP signal of one agr group can compete for the AgrC receptor of another group and inhibit RNAIII transcription (21) . Based on these observations, the AIPs are often classified into three cross-inhibitory groups: (i) AIP-I and AIP-IV; (ii) AIP-II; and (iii) AIP-III. AIP-I and AIP-IV are grouped together because these structures differ by only one amino acid (Asp 5 or Tyr 5 , respectively) (17, 19) . Recently, blockage of quorum sensing has been shown to attenuate the expression of virulence factors in Gram-positive bacteria (22) (23) (24) . Park et al. (24) reported the generation of the murine monoclonal antibody AP4-24H11 that sequesters AIP-4 utilized by S. aureus agr group IV strains as a QS signaling molecule. Treatment of S. aureus cultures with AP4-24H11 caused an increase in protein A expression and decreases in α-hemolysin expression and RNA III transcription, consistent with suppression of QS signaling (24) . Most impressive, however, was the ability of this antibody to protect mice from S. aureus infections in vivo, including abscess formation in a skin infection model and lethality in a peritonitis model using a S. aureus group IV strain.
Here, we present the structure of the AP4-24H11 Fab in complex with AIP-4, which is the first structure of a quorum sensing peptide bound to a receptor protein, in this case an antibody. These structural data provide some possible insights into the interactions between the cognate staphylococcal AIP receptors AgrC and the AIPs, as the antibody binding to AIP-4 shares many features that have been hypothesized for recognition of AIP by AgrC.
EXPERIMENTAL PROCEDURES
Fab production, sequencing and purification.
IgG was produced (25) and sequenced (26) using established methods. N-terminal sequencing of the AP4-24H11 heavy and light protein chains was performed at The University of Texas Biomedical Branch, Biomolecular Resource Facility. AP4-24H11 IgG was digested to Fab and Fc using 4% (w/w) papain for four hours (27) . The Fab was purified by successive protein A and protein G chromatography. Fab was further purified by MonoS where the Fab eluted at concentrations of 220-240 mM sodium chloride. The purified protein was concentrated to 19 mg/mL in 100 mM sodium acetate (pH 5.5), 1.25 mM EDTA and 0.02% (w/v) sodium azide. Crystallization and data collection.
The AP4-24H11 Fab alone was crystallized by vapor diffusion using 1.0 µL sitting drops. Drops contained equal volumes (0.5 µL) of purified protein and the precipitant (20% PEG 4000, 0.2M di-ammonium hydrogen phosphate, pH 8.0). Crystals appeared after one month and grew as clusters of needles. The diffraction data were indexed in space group H3 with one molecule in the asymmetric unit.
AIP-4 was synthesized as previously described (24) . AIP-4 at a final concentration of 5 mM was mixed with the AP4-24H11 Fab (13-fold excess of AIP-4 to Fab) immediately before setting up for crystallization by vapor diffusion using 1.0 µL sitting drops. AIP-4−AP4-24H11 Fab complex was co-crystallized using equal volumes (0.5 µL) of the protein-ligand complex and precipitant (29 mM zinc acetate, 20% PEG 4000, 100 mM sodium cacodylate, pH 6.5). Crystals appeared after one day and grew as clusters of long needles or plates and were cryoprotected in 20% glycerol prior to flash freezing in liquid nitrogen. The crystals were highly anisotropic with almost no diffraction observable when the beam was parallel to the plane of the very thin, plate-like crystals. The data were indexed in monoclinic space group P2 1 with two Fab molecules in the asymmetric unit. All data were collected at the Advanced Photon Source beamline 23ID-B, Argonne National Laboratory and were processed with HKL2000 (28).
Structure determination, refinement and analysis.
The AP4-24H11 Fab structure was solved by molecular replacement using Phaser (29) . Domains of PDB entry 15C8 (30) were used as a search model based on homology to the AP4-24H11 Fab framework regions. Coot (31) was used for model building and Refmac (32) was used for refinement. Only Leu L51 and Pro H149 are designated as Ramachandran 'outliers', but both have a good fit to the corresponding electron density. Leu L51 is in a γ-turn commonly found in almost all Fab structures (33) . Additional density in the binding site was modeled as 10 atoms of polyethylene glycol (PEG). There was weak or missing 2F o -F c density for heavy-chain residues 128-130, 133 and 134, that is also absent or weak in many other Fab structures and these residues were omitted from the refined structure.
The AIP-4−AP4-24H11 Fab complex structure was determined by molecular replacement using the AP4-24H11 Fab solution. The AIP-4 ligand was initially built using Coot. AIP-4 geometric restraints were created with the PRODRG online server (34) and Sketcher (35) . The AIP-4 molecule was relabeled as the single residue small molecule, for refinement.
No density in 2F o -F c maps at the 1.0σ level could be seen for AIP-4 Tyr 1 and this residue was omitted from the model. Coot was used for model building and Buster-TNT (36) for refinement.
Final rounds of refinement were performed in Refmac. Five zinc ions in the asymmetric unit mediate contacts between Fab molecules and aid in crystal packing interactions. Weak or missing 2F o -F c map density was again noted for heavy chain residues 129, 130, 133 and 134 and these residues were omitted from the structure.
Both Fab structures were numbered in the Kabat convention using the Abnum online server (37) and Pdbset (35) . MolProbity (38) was used to calculate Ramachandran statistics. The 24H11-AIP4 Fab structure was analyzed using Contacsym and MS (39, 40) to calculate buried surface area and enumerate van der Waals interactions. HBPLUS (41) was used to identify hydrogen bonds between the AIP-4 and AP4-24H11. One of the Fab complexes (Fab chains A (light chain) and B (heavy chain) and AIP-4 chain D) was used for all calculations and measurements reported here . Assessing quorum quenching using S. aureus YFP reporter strains.
Plasmid pDB59 (42) was transformed into four S. aureus strains representing agr group I (USA300 LAC), agr group II (SA502A), agr group III (MW2), and agr group IV (MN EV). All S. aureus reporter strains were grown overnight in Tryptic Soy Broth (TSB) supplemented with chloramphenicol at 10 µg/ml at 37 o C with shaking. For antibody inhibition testing, cultures were diluted 100-fold into fresh media, incubated for 1 hour at 37 o C, and 180 µl was dispensed into wells of a microtiter plate (Costar 3603). AP4-24H11 was diluted to a working concentration of 2 mg/ml in PBS, and two-fold serial dilutions were generated in PBS to a final concentration of 9.8 × 10 -4 mg/ml. 20 µl of each antibody dilution was added to the reporter cultures in the microtiter plates in quadruplicate, resulting in an additional 10-fold dilution. As controls, PBS used as a mock sample (no antibody), and an unrelated mouse IgG2a isotype control antibody was added at 2 mg/ml. Filtered spent media containing AIP-1 from LAC or AIP-3 from MW2 was used as inhibition controls. Plates were incubated for 24 hours at 37 o C with shaking at 200 rpm. Absorbance and fluorescence was measured in a Tecan Infinite M200 plate reader using an excitation wavelength of 485 nm and emission wavelength of 530 nm. Error bars represent standard deviations of quadruplicate samples and each experiment was repeated.
RESULTS
Park et al. (24) demonstrated that AP4-24H11 cross-reacts with AIP-1 and AIP-4 resulting in the complete suppression of QS-regulated virulence factor α-hemolysin expression in an agr IV S. aureus strain and partial inhibition in a group I isolate. To clearly delineate the extent of AIP crossreactivity of AP4-24H11, four S. aureus reporter strains with the agr P3 promoter driving expression of yellow fluorescent protein (YFP) were constructed to represent each agr group. A range of AP4-24H11 concentrations was mixed with early growth phase cultures to assess antibody impact on actively growing S. aureus (Fig. 2) . Notably, co-incubation of AP4-24H11 with S. aureus reporter strains belonging to agr group IV (IC 50 = 0.00011 mg/mL [0.73 nM]) and to a lesser extent group I (IC 50 = 0.040 mg/mL [27 nM]) resulted in significant decreases in YFP production in a dose-dependent manner, while QS signaling in agr groups II and III strains was not significantly affected by the antibody (IC 50 >1µM; Fig. 2 ). These data demonstrate that AP4-24H11 is greater than 350 times more potent in quenching agr signaling in a cognate AIP-4 strain than in a S. aureus isolate that produces the nearly sequenceidentical AIP-1.
To elucidate the molecular interactions that allow for antibody discrimination between similar quorum sensing peptides, we determined the crystal structure of the AIP-4−AP4-24H11 Fab complex at 2.5 Å resolution (Table 1) . While electron density in 2F o -F c maps (contoured at 1.0σ) for the thiolactone ring of AIP-4 is welldefined, the three residue N-terminal tail is generally less ordered. However, in one of the two Fab copies in the asymmetric unit, electron density was present for Ser and Thr 3AIP-4 . The peptide bonds in the thiolactone ring are oriented such that most of the backbone carbonyl oxygens point in the general direction of the light chain and the amide nitrogens are oriented towards the heavy chain. The side chains of the AIP-4 residues splay outwards from the ring.
The AIP-4 macrocycle is intercalated into the antibody combining site (Fig. 3) . This disposition directs the Phe 6AIP-4 , Ile 7AIP-4 , and Met 8AIP-4 side chains into the binding site and accounts for the majority of its buried surface area ( Table 2 ). The AIP-4 ligand is recognized by AP4-24H11 primarily through the heavy chain (60%) ( Table  3) , although all complementarity determining regions (CDRs) make contributions, as well as some framework regions (4.8%). Although CDR1 of the heavy chain (CDRH1) buries the most ligand surface area of any CDR, the most striking features with respect to ligand recognition involve CDRH3.
Despite its short length of only four residues, the CDRH3 loop is responsible for a large portion of the ligand buried surface area, that primarily results from a glutamic acid (Glu H95 ; according to Kabat numbering (37) ) being positioned at the apex of the loop. The Glu H95 carboxyl is oriented towards the center of the AIP-4 thiolactone ring and hydrogen bonds with each of the four amide nitrogens in the ring (Fig 4) . Additionally, the aliphatic portion of the Glu H95 side chain runs parallel to Met contributing to the burial of hydrophobic surface area. Thus, Glu H95 accounts for 13.1% of the total ligand buried surface, greater than twice that of any other single residue.
During model building and refinement, we observed strong, spherical density at a distance of 4-5 Å from three of the AIP-4 main-chain carbonyl oxygens. Furthermore, many oxygencontaining groups in the nearby light chain are oriented in the direction of this unaccounted for density. Additionally, the plane of the aromatic ring of Tyr L32 is oriented such that the ζ-carbon is centered 4.5 Å from the center of this site (43, 44) . These data suggest the presence of a monovalent cation that forms a cation-π interaction with Tyr L32 , as well as electrostatic interactions with neighboring electron-donating groups. We have, therefore, modeled this additional density as a monovalent sodium cation. Subsequent refinement showed that it has similar B-values to the side chain of Tyr L32 and provides some validation for this assignment.
Nevertheless, although we cannot be absolutely certain of the identity of this presumed ion, the positive charge of the sodium would provide stabilizing interactions with the carbonyl oxygens of the thiolactone ring. This interaction, together with the Glu H95 hydrogen bonding to the amide nitrogens of the macrocycle, would facilitate antibody recognition of both faces of the AIP-4 ring.
Thus far, we have described the AIP-4−AP4-24H11 interaction and specificity as resulting from burial of the C-terminal hydrophobic side chains, recognition of the AIP-4 peptide backbone by hydrogen bonding to Glu H95 and proposed electrostatic interactions with a metal ion. However, Park et al. (24) , as well as the S. aureus reporter assay data (Fig. 2) , demonstrated that AP4-24H11 is able to finely discriminate between the AIP molecules of different S. aureus groups. In fact, AIP-1 and AIP-4 differ only at position 5 where AIP-1 contains an aspartic acid rather than tyrosine in AIP-4 (Fig. 1b) , which might account for the reduced inhibition of toxin production (24) and YFP expression in the reporter assay (Fig. 2a) in an agr group I strain by AP4-24H11. Structurally, Tyr 5AIP-4 makes a CH-π bond with Tyr H33 where one of the Tyr 5AIP-4 ε-carbons is positioned 3.5-4.0 Å from the Tyr H33 aromatic ring (Fig. 5a) . Similarly, Phe 6AIP-4 makes a CH-π bond with Tyr L49 with its ζ-carbon positioned 4.1-4.5Å from the Tyr L49 aromatic ring (Fig. 5b) . These are the only interactions where the AIP-4 side chains are specifically recognized by the antibody and may account for the observed discrimination of AIP-1 and AIP-4 by AP4-24H11. Although CH-π, or edge-to-face, interactions are typically regarded as weak, they can contribute 0.6−1.3 kcal/mol in stabilization energy (45, 46) . Thus, while recognition of the main-chain conformation and burial of hydrophobic surfaces in AIP-4 are likely the major modes of interaction with AP4-24H11, these additional aromatic-aromatic interactions aid in the specificity of ligand recognition. For AIP-2 and AIP-3, while Ile does not engage in any specific interactions, the Leu 7 side chain in other AIPs might create steric clashes within the binding site (Fig. 5b) . Additionally, the long unbranched Met 8AIP-4 packs parallel to the Glu H95 side chain and part of the main chain, in contrast to the branched side chains of the other AIPs at this position which would likely have steric clashes with the Fab in this region (Fig. 5c) .
To gain additional insight into the structural dynamics of the AIP-4−AP4-24H11 interactions, we also determined the structure of the AP4-24H11 Fab alone (2.8 Å resolution) to identify any changes that might take place upon antigen binding (Table 1) . It is important to note that this AP4-24H11 Fab structure is not truly an apo-Fab structure. Extra density at the bottom of the antibody-combining site was modeled as polyethylene glycol (PEG), which was present in the crystallization solution.
This finding is reminiscent of the crystal structure of the quorum quenching antibody RS2-1G9, an anti-acyl homoserine lactone (AHL) mAb, previously solved by our laboratory that also harbored an ethylene glycol molecule in the absence of the natural AHL ligand (47 implying that the proposed monovalent cation is pre-bound to the antibody.
DISCUSSION
Crystal structures of AP4-24H11 have revealed how the antibody interacts with the AIP-4 peptide, the QS signaling molecule of S. aureus agr group IV. Recognition of AIP-4 by AP4-24H11 is accomplished primarily through polar contacts with the AIP-4 macrocyclic peptide backbone and non-polar interactions with the side chains of the C-terminal hydrophobic residues. Glu H95 is a key residue as it contributes four of the six hydrogen bonds from the antibody to AIP-4 and, thus, buries a large portion of the AIP-4 hydrophobic surface area. These hydrogen bonds specifically recognize the macrocyclic configuration of the AIP-4 backbone. Analysis of the Fab structures clearly reveals how AP4-24H11 can discriminate among the different AIP molecules. We hypothesize that Asp 5AIP-1 would be unable to participate in the same CH-π interaction with the mAb as the corresponding Tyr 5AIP-4 , thus conferring the ability to discriminate between AIP-1 and AIP-4. With regard to AIPs 2 and 3, each has a leucine in lieu of Ile 7AIP-4 and a phenyalanine and a leucine, respectively, in place of Met , none of which can be accommodated as well as the AIP-4 residues.
It seems prudent to compare this structural information on the interactions of AIP-4 and AP4-24H11 with those proposed for AgrC, the native S. aureus AIP receptor, and, in particular, with AgrC from group IV.
Novick and co-workers hypothesized that positions 7 and 8 of the AIPs need to be non-polar, which led to the hypothesis that AgrC buries these residues in a hydrophobic pocket (48) .
Also, the requirement of a specificity-determining interaction, e.g. Asp and Tyr 5AIP-4 , was proposed (48) . Lastly, it has been demonstrated the N-terminal AIP tail is essential for receptor activation and signaling of AgrC (22) . Remarkably, the first two of these three postulated key features are recapitulated in the antibody recognition and binding to AIP-4, namely the energetically favorable burial of hydrophobic AIP-4 residues and discrimination between Tyr 5AIP-4 and Asp 5AIP-1 . However, the tail region of AIP-4 makes only limited contact with AP4-24H11. The hallmark feature of AP4-24H11, i.e. the prominent role of Glu H95 , might even be reflected in the AgrC receptors of all groups, as the extracellular loops contain several candidate acidic residues.
Notably, AP4-24H11 recapitulates the recognition patterns of group IV AgrC, in that the native receptor recognizes and is activated by AIP-4, and to a lesser extent by AIP-1 (19) . Recently, Novick and colleagues detailed the evolution of agr genes, proposing agr groups I and II diverged from a common ancestor early on and groups III and IV split from group I more recently. In fact, the agr group IV appears to be the most recent evolution of an agr group (49) . In this context, it is important to note that evolution affecting agr diversification absolutely requires the coordination of mutations within all three key genes encoding agr group specificity, namely the pro-AIP (AgrD), the AIP receptor (AgrC) and the pro-AIP processing enzyme (AgrB), thus severely restricting the possible mutational space. However, this mutational restriction might explain the somewhat relaxed ligand specificity as crossrecognition of an existing AIP, as well as a newly evolved AIP, would most likely be a key intermediate step in the evolution of new agr groups (49) . The antibody structure then might provide hints for how group IV AgrC is able to still maintain AIP-1 recognition while developing a strong preference for AIP-4.
The structures reported here also suggest how to engineer AP4-24H11 for new or enhanced recognition of the other known AIP molecules for broad-spectrum neutralization. For example, directed mutagenesis of the region responsible for the Tyr 5AIP-4 and Asp 5AIP-1 discrimination might switch the antibody preference from AIP-4 to AIP-1. Alternatively, modification of the antibody combining site to more readily accept the different hydrophobic residues of the other AIPs might result in a more efficient AIP-2 binder. Lastly, a combination of both approaches might yield an AIP-3-specific antibody. Obviously, antibodies with high affinity for two or more different AIP molecules could be useful for passive immunotherapy to prevent or treat infections caused by the different groups of S. aureus. AP4-24H11 recognition of the thiolactone ring backbone, which might be a general feature of all staphylococcal AIPs, and the absence of interactions with the N-terminal hydrophobic residues, make engineering of AP4-24H11 more feasible. With regard to the use of the AP4 hapten as a scaffold for an active S. aureus vaccine, the crystallographic data might be used to delineate a path for further improvement of the AP haptens to elicit a more AIP cross-reactive immune response. For example, the construction of hybrid macrocyclic AIP haptens incorporating many of the critical features described above, as well an Nterminal tail truncation, might indeed result in a broadly AIP crossreactive antibody response. -5 mg/ml. As controls, assays containing no antibody or an isotype control antibody (0.2 mg/ml) were included. For agr inhibition controls, supernatants from MW2 containing AIP-3 or LAC containing AIP-1 were included as indicated. Using AP4-24H11, strong inhibition of agr group IV and modest inhibition of agr group I was observed, while minimal inhibition of agr group II and III was evident only at high AP4-24H11 doses. 18.7 Regions were defined using the contact numbering scheme (37) .
